One of the first insights into the modular nature of carbohydrate-active enzymes was provided by the dissection of a plant cell wall-degrading enzyme into two functional modules (van Tilbeurgh et al., 1986) . The general architecture deduced for this protein featured two independent globular modules: a cellulase catalytic domain, responsible for the hydrolysis reaction itself, and a cellulose-binding module, devoid of catalytic activity but promoting adsorption of the enzyme onto insoluble crystalline cellulose. Similar observations were made for other polysaccharidedegrading enzymes such as plant chitinases (Lucas et al., 1985; Shinshi et al., 1990; Lerner and Raikhel, 1992) . In the early 1990s it was shown that this modular structure could be deduced from sequence examination alone (Gilkes et al., 1991) . It is now clear that the two major classes of carbohydrate-active enzymes, glycoside hydrolases and glycosyltransferases, frequently display a modular structure (Figs. 1 and 2). In the genomic era, this modularity is of particular importance for correct open reading frame (ORF) annotation and functional prediction.
A classification system of the catalytic domains of glycoside hydrolases and transglycosylases into families based on amino acid similarities was introduced a decade ago (Henrissat, 1991) and updated regularly (Henrissat and Bairoch, 1993, 1996) . In marked contrast to the International Union of Biochemistry and Molecular Biology enzyme nomenclature, the new classification scheme was designed to integrate both structural and mechanistic features of these enzymes. It is striking that the system based on sequence similarities (hence also reflecting similar structural features) often grouped enzymes of different substrate specificity in a single "poly-specific" family. This classification system was later extended to glycosyltransferases (Campbell et al., 1997) . Over the years the number of families of glycoside hydrolases and glycosyltransferases has grown steadily and currently there are 82 and 47 families, respectively. These families, as well as others featuring polysaccharide lyases and carbohydrate esterases, are available on the continuously updated carbohydrate active enzymes (CAZy) web server at http://afmb.cnrs-mrs.fr/ ϳpedro/CAZY/db.html.
It soon became clear that ancillary, non-catalytic modules were frequently borne by polysaccharidedegrading enzymes (Svensson et al., 1989; Gilkes et al., 1991; Raikhel et al., 1993) . The first function reported for these modules was the binding of insoluble polysaccharides such as cellulose, chitin, and starch. Warren and his colleagues showed that, like the families of catalytic domains, the polysaccharidebinding modules also formed a number of distinct families (Coutinho et al., 1993; Tomme et al., 1995; Warren, 1996) . Today, 24 families of carbohydratebinding modules are known and characterized, but the role of many families of ancillary modules that could be detected by careful sequence comparisons remains unknown (Coutinho and Henrissat, 1999a) . We have already detected over 60 such modules of unknown function (termed "X" modules) by systematic sequence analysis of a number of carbohydrateactive enzymes (P.M. Coutinho and B. Henrissat, unpublished data) . A further complication is that with the present deluge of sequence data, modular enzymes with more than one catalytic domain are discovered. Figures 1 and 2 show a few examples of modular glycoside hydrolases and glycosyltransferases, many of which have particular relevance to plant science.
The classifications of carbohydrate-active enzymes and their associated modules were shown to be of major importance for "pregenomic" applications. Three-dimensional structure is conserved within the families (Davies and Henrissat, 1995; Henrissat and Davies, 1997) . This means that once the structure has been established for any family member it may direct and inform strategies for investigation of other members, including their structure solution by molecular replacement and the homology modeling of related sequences. Family-specific sequences have been used to design degenerate oligodeoxyribonucleotide probes to isolate cDNA coding for other members of the family (Sheppard et al., 1994) . This approach has found widespread application for functional cloning. Many families were shown to be poly-specific. This is an example of divergent evolution to acquire new substrate specificity (nature's protein engineering). In contrast, many enzymes displaying identical substrate specificity are found in different families displaying totally unrelated three-dimensional folds (Davies and Henrissat, 1995) . At the catalytic level, for the enzymes performing reactions at sugar anomeric carbon, the reaction can proceed either with net retention or inversion of the anomeric configuration. Mechanism is dictated by the location of functional residues within the three-dimensional structure and hence by the sequence. Once the stereochemical mechanism is established for one member of a family, it may be safely extended to other members of that family (Gebler et al., 1992) , i.e. catalytic mechanism is conserved within each family.
Furthermore, because the catalytic residues are conserved within a family once they have been identified in both position and function for one member of a family, they can easily be inferred for all members of the family. The absence of a catalytic residue in a member of unknown function (if not a sequence error) generally indicates an interesting alteration of the molecular mechanism or a lack of catalytic activity. An example of this is the plant enzyme myrosinase involved in the hydrolysis of anionic thio-glycosides named glucosinolates. The crystal structure of myrosinase showed that one of the two catalytic glutamates of the otherwise highly homologous ␤-glucosidases of family GH1 is absent and is , 1997) . Recent crystallographic work shows that myrosinase has evolved to use ascorbate to replace the missing Glu (Burmeister et al., 2000) . Another example allows us to predict a putative plant chito-oligosaccharidesignaling receptor. GenBank accession number AF088885 encodes a 739-amino-acid protein from tobacco, Chrk1. This ORF shows significant similarities with family GH-18 chitinases. The similarity is, however, restricted to the first 345 residues of Chrk1. Furthermore, the C-terminal 390 residues of this protein bear strong similarities to a large number of protein kinases, the best scores being with a number of plant Ser/Thr kinases. The two domains of Chrk1 are separated by a central, most likely membranespanning, region (Figs. 1 and 3 ). Contrary to "classical" retaining glycosidases where two catalytic residues perform the catalytic reaction, family GH-18 chitinases use only one catalytic amino acid together with "anchimeric" assistance from the substrate (Terwisscha van Scheltinga et al., 1995) . A close inspection of the alignment around the catalytic region of family 18 chitinases (Fig. 1) shows that Chrk1 lacks this catalytic amino acid, as does concanavalin B from C. ensiformis (Hennig et al., 1995) . No enzymatic activity has been detected for concanavalin B and we therefore conclude that the N-terminal domain of Chrk1 has also lost its catalytic function. It may instead act as a carbohydrate-binding protein separated from a protein kinase signaling domain via a transmembrane helix. Although the similarity with chitinases makes it tempting to suggest the receptor may bind chito-oligosaccharides or their derivatives but the precise molecule that is recognized cannot be inferred from sequence analysis alone. Our predictions are consistent with the emerging picture of the modular structure of plant receptors, with a recruitment of different extracellular domains, which are fused onto intracellular protein kinases via a membrane-spanning region. In this respect, Chrk1 has a In the genomic era, the families and modular description of carbohydrate-active enzymes have further advantages. The availability of a number of completely sequenced genomes allows us to search and list all the carbohydrate-active enzymes possessed by the organism, as was recently performed for Arabidopsis (Henrissat et al., 2001) . Furthermore, one can compare the carbohydrate-active enzymes content of different genomes and derive information on the evolution of carbohydrate metabolism such as the transfer of genes between species (Coutinho and Henrissat, 1999b) .
One limitation with the family classifications is that a family can be defined only when one of its members is characterized biochemically. For example, the majority of ␤-linked polysaccharides in plants are synthesized by glycosyltransferase family 2 (GT-2) enzymes, but several fungal and plant sequences, demonstrably not family GT-2 members and thus , 2000) , together with a family GH10 xylanase catalytic domain (Fig. 1) . B, Modeled structure for a putative plant oligosaccharide receptor. ORF Chrk1 from tobacco (Q9SWX8) displays an extracellular domain with homology to family GH-18 chitinases, but lacks the essential catalytic acid residue. This domain is linked via a transmembrane segment to a Ser/Thr kinase domain. This allows us to propose a model for oligosaccharide signaling events in plants. These figures were drawn with the MOLSCRIPT program (Kraulis, 1991) using Protein Data Bank entries with accession numbers 1DYO and 1EOW (A) and 1CTN and 3LCK (B).
potentially forming a separate glycosyltransferase family, are annotated in sequence databanks as potential ␤-1,3 glucan synthases. The lack of direct experimental evidence for the UDP-glucose glucosyltransferase activity of these proteins has prevented their assignment to a glycosyltransferase family until a very recent report demonstrated this activity unequivocally (Kottom and Limper, 2000) . The ␤-1,3-glucan synthases now form family GT-48.
The plurimodular structure of carbohydrate-active enzymes has major implications for genomic annotations and discovery of gene function. A large number of annotations are incorrect because they reflect a hit with a non-catalytic module only. A vivid example is with the proteins carrying an approximately 100-amino-acid module termed "X8" (in pink in Fig. 1) . In a significant number of these proteins, the X8 module is found at the C terminus of a family GH-17 ␤-1,3-glucanase, suggesting ␤-1,3-glucan-binding function. This module, however, is also found fused to proteins that are not glycoside hydrolases and even appears in isolation (Fig. 1) . However, because the first occurrence of a protein containing this X8 module was in a ␤-1,3-glucanase, several of the X8 proteins are misleadingly annotated as "␤-1,3-glucanase-like" or as displaying "similarity to ␤-1,3-glucanase," even when the X8 module is not attached to a catalytic entity. This family of modules, present in plant sequences only, must have great significance as no less than 38 copies are found in the Arabidopsis genome. The fact that this domain is found fused to catalytic domains, in isolation, and linked to a transmembrane segment points to a spectrum of different cellular functions. In addition to the problems caused by modularity, further genomic annotation errors occur because of the poly-specific nature of the sequence families. This leads to both over-prediction, such as "putative cellulose synthase" (when it is known that family GT-2 contains a vast spectrum of substrate specificities from the synthesis of cellulose through complex cell surface glycolipid formation), and underprediction, such as "putative sugar hydrolase."
The modularity of carbohydrate-active enzymes is of a significance that goes beyond plant science. With the rapidly growing number of genomes being sequenced, great care must be taken to "dissect" the various modules from single polypeptides or ORFs during sequence comparisons. To aid this process, the modular description of all carbohydrateactive enzymes is currently being undertaken in our laboratories.
